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Abstract. Potato mop-top virus (PMTV; genus Pomovirus; 
family Virgaviridae) is the causing agent of the spraing disease 
in potato (Solanum tuberosum). PMTV is transmitted by 
Spongospora subterranea f. sp. subterranea (Sss). This disease 
has a widespread distribution in potato growing regions around 
the world. The possibility of obtaining strain specific antibodies at 
low cost can greatly increase the sensitivity and use of serological 
tests in seed certification programs, plant breeding and quarantine 
regulations to avoid dissemination of this injurious virus. This 
work presents an alternative procedure for the production of 
PMTV specific antibodies useful in serological test such as ELISA 
and lateral flow. In contrast to standard methods requiring the 
isolation of viral particles or expression of recombinant capsid, this 
method uses peptides mimicking the N-terminal region of PMTV 
capsid protein as antigen for the production of specific polyclonal 
antibodies. The antibodies were tested against bait plants grown in 
soil infested with viruliferous Sss, as well as potato plants obtained 
from naturally Sss infested fields in Colombia. PMTV was detected 
in 9/14 and 24/28 foliage samples of N. benthamiana and S. 
phureja, respectively. In the case of field plants, the virus was 
detected in eight out of 12 root tissues evaluated. The minimum 
peptide concentration detected by ELISA was of the order of 0.1 nM.
Key words: ELISA, RT-PCR, Potato mop-top virus, Solanum 
tuberosum, Spongospora subterranea.
Resumen. Potato mop-top virus (PMTV; género Pomovirus; familia 
Virgaviridae) es transmitido por Spongospora subterranea f. sp. 
subterranea (Sss), agente causal de la sarna polvosa de la papa. 
Esta enfermedad tiene una amplia distribución en las regiones 
cultivadoras de papa alrededor del mundo. La posibilidad de 
obtener anticuerpos específicos contra cepas de este virus, puede 
incrementar la sensibilidad y la utilización de pruebas serológicas 
en programas de certificación de semilla, mejoramiento genético 
y regulaciones cuarentenarias que eviten su diseminación a 
zonas libres de la enfermedad. En esta investigación, se presenta 
un procedimiento alternativo para la producción de anticuerpos 
específicos para PMTV de utilidad en pruebas serológicas como 
ELISA y flujo lateral. A diferencia de los métodos estándar que 
requieren del aislamiento de partículas virales o de la expresión de 
cápside recombinante, este sistema utiliza un péptido que simula 
la región N-terminal de la proteína de la cápside de PMTV, como 
antígeno para la producción de anticuerpos policlonales. Dichos 
anticuerpos fueron evaluados en plantas señuelo sembradas en 
suelos infestados con quistosoros de Sss, así como en plantas de 
papa obtenidas de suelos de Colombia con infección natural de 
Sss. La utilización de estos anticuerpos permitió la detección del 
PMTV en 9/14 y 24/28 muestras foliares de N. benthamiana 
y S. phureja, respectivamente. Para el caso de plantas de papa 
obtenidas del campo, las pruebas detectaron el virus en ocho de 12 
raíces evaluadas. La concentración mínima detectada del péptido 
por ELISA fue de 0,1 nM.
Palabras clave: ELISA, RT-PCR, Potato mop-top virus, Solanum 
tuberosum, Spongospora subterranea.
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Potato mop-top virus (PMTV; genus Pomovirus; family 
Virgaviridae) (Adams et al., 2009), is the causing agent 
of the spraing disease in potato (Solanum tuberosum), a 
pathology characterized by the formation of necrotic arcs 
and brown flecks inside the tubers (Santala et al., 2010). 
PMTV is transmitted by the plasmodiophorid Spongospora 
subterranea f. sp. subterranea (Sss), responsible for 
powdery scab on potato. The resting spores of Sss remain 
infective in soil for years, and when hatched they release 
zoospores that infect plant roots or developing tubers and 
introduce PMTV to the plant cells (Santala et al., 2010). 
PMTV alone can decrease yields in potato fields up to 25% 
and as high as 80% if damages associated to powdery 
scab are taken into account (Jones and Harrison, 1972; 
Guerrero, 2000). PMTV has a widespread distribution 
in potato growing regions around the world such as 
Europe, Asia, Australia and the American continent 
(Latvala-Kilby et al., 2009). In America, PMTV has been 
detected in Canada and the United States (Xu et al., 2004; 
Lambert et al., 2003), Peru and Bolivia (Tenorio et al., 
2006), Venezuela (Ortega and Rodríguez, 2004), Costa 
Rica (Vásquez et al., 2006) and Colombia (Vélez, 2007). 
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The first report of PMTV in Colombia dates from 
2007, in potato fields located in the departments of 
Cundinamarca and Boyacá (Vélez, 2007). The presence 
of PMTV was also confirmed in the department of 
Antioquia and Nariño by Gil et al. (2011). Several 
studies have revealed a dramatic increase of Sss in the 
principal potato-growing regions of Colombia and it 
is very likely that incidence of PMTV is also on the rise 
(Jaramillo and Botero, 2007; Carreño, 2009; Gilchrist 
et al., 2009; Gil et al., 2011). Unfortunately, foliar 
symptoms normally associated with PMTV infections 
are not conspicuous in Andean potato varieties 
being easily mistaken for physiological disorders 
and/or infection by other viruses (Tenorio et al., 
2006). Moreover, spraing symptoms have never been 
observed in tubers from PMTV-infected plants, either 
at harvest or after storage, in this region (Tenorio et 
al., 2006). Therefore, reliable detection methods are 
required for the production of PMTV-free seed and 
to prevent further spread to new geographical areas.
Viral infections are commonly detected using virus-
specific methods such as RT-PCR, real-time RT-PCR, 
immunocapture RT-PCR (IC-RT-PCR) and ELISA 
(Santala et al., 2010). Although RT-PCR is highly 
sensitive, it is also prone to false negative results 
due to the presence of PCR inhibitors in the RNA 
extracts, and to false positive results due to cross-
contamination (Webster et al., 2004; Davey, 2009). The 
ELISA test is considered by many to be the cheapest 
and most convenient method for routine analysis of 
large sets of samples. In the case of PMTV, several 
mono and polyclonal antibodies have been developed 
using conventional techniques based on purified 
viral particles (Arif and Torrance, 1996; Nielsen and 
Mølgaard, 1997; Cerovska et al., 2006).
Due to their abundance and high conservation, viral 
coat proteins are ideal antigens for the production 
of antibodies to be used in serological detection 
tools. Unfortunately, the purification of viruses can 
be a tedious and difficult task that requires expensive 
equipment and specialized staff. It is also common 
that purification procedures do not provide the 
virus in a completely pure form and antibodies often 
develop against contaminating polypeptides. These 
are important issues with PMTV due to the sporadic 
and highly irregular distribution of virions in infected 
plants and its presence as naked RNA (Xu et al., 2004; 
Wright et al., 2010). This problem could be solved 
with the use of recombinant proteins; unfortunately 
previous studies have demonstrated recombinant 
PMTV CP to be unstable and difficult to produce 
(Latvala-Kilby et al., 2009).
Peptides can be used as surrogates of their parent 
proteins for antibody production when the amount 
of target protein is limited and/or not well behaved. 
Peptide-specific antibodies have a high probability of 
recognizing the parent protein either in the native or 
denatured state and therefore can be used reliably in 
different serological tests such as western-blot and 
ELISA. Synthetic peptides can be prepared in highly 
pure form and coupled to carrier proteins such as 
hemocyanin to produce antibodies against difficult 
proteins. This paper demonstrates the feasibility of 
using peptides mimicking the N-terminal region of 
PMTV capsid-protein as antigen for the production of 
PMTV-specific polyclonal antibodies. These antibodies 
were tested against bait plants grown in soil infested 
with viruliferous Sss, as well as potato plants obtained 
from naturally Sss infested fields.
MATERIALS AND METHODS
Sequence analysis and homology modeling. The 
best linear epitope was identified by Hoop and Woods 
analysis of the PMTV capsid protein of a Colombian 
isolate (Gil et al., 2011) using BioEdit 5.0 (Hall, 1999). 
The highest-scoring region was chosen using a sliding 
window of 15 residues. Multiple alignment of capsid 
proteins from members of the Virgaviridae family was 
performed with the program MUSCLE available at 
www.ebi.ac.uk (Edgar, 2004). The structure of PMTV-
CP was built with MODELLER 9.2 (Sali et al., 1995), 
using the structure of Tobacco mosaic virus (TMV) 
coat protein as template (PDBid: 2TMV). 
Peptide synthesis. Synthesis was performed at 
Genscript USA Inc (Piscataway, NJ, USA) by manual 
solid phase method using standard Fmoc Chemistry 
on 2-Cl-Trityl resin. Side chains were protected using 
trityl, tert-butyl or Boc group. DIC/HOBt was used 
as activating reagent and 20% piperidine in DMF as 
deprotection reagent. Ninhydrin test was employed to 
monitor coupling reaction. If the result was positive, 
then double coupling was performed and followed 
by capping with anhydrous acetic anhydride in DMF. 
After peptide chain elongation, peptide resin was 
treated with Reagent K and peptide was precipitated 
and washed three times by dry diethyl ether. The 
crude peptide was dissolved in 10% acetonitrile and 
analyzed by reverse-phase HPLC on a Shimazu 20A 
system using waters X-bridge column (i.d.4.6 mm 
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x 250 mm). The peptides were purified by semi-
preparative HPLC.
Antibody production. Peptide PMTV(p) was coupled 
to the carrier protein keyhole limpet hemocyanin 
(KLH). Two rabbits were immunized at GenScript on 
day 1, 14, 35 and 56 with 50 g peptide-KLH conjugate 
or KLH alone adsorbed to Complete Freund’s Adjuvant 
(CFA) and Incomplete Freund’s Adjuvant (IFA). Serum 
samples were collected before treatment (preimmune 
serum) on day 21, 42 and 63. Total IgG was affinity-
purified from sera of the immunized rabbits. 27.21 
mg of purified antibody were obtained, dissolved in 
phosphate buffered saline buffer (PBS, pH 7.4) and 
lyophilized until further use. 
Serological tests. The titer of the purified antibody 
was calculated by ELISA as the reciprocal of the 
highest serum dilution yielding an optical density two 
times higher than the blank. Free PMTV peptide was 
used as coating agent at a concentration of 4 µg mL-1 
in PBS buffer at pH 7.4. 100 µL of peptide solution 
were used per well. AP-conjugated Goat Anti-Rabbit 
IgG (H+L) was used as secondary antibody. For 
detection of PMTV in infected plants, 100 mg of either 
root or leaf tissue macerated in extraction buffer was 
used in a standard indirect ELISA protocol (Matthews, 
1993). Leaf samples were macerated in extraction 
buffer containing 137 mM NaCl, 3 mM KCl, 2% PVP 
24kD, 0.05% Tween 20 and 0.02% NaN3. Root tissue 
was macerated in extraction buffer supplemented 
with 1% egg albumin. Extraction buffer and 0.1 µM 
PMTV(p) were used as negative and positive controls, 
respectively. Samples with an optical density two 
times higher than the blank were considered positive 
(Matthews, 1993). Optical density was measured 
using a Multiscan plate reader (Labsystems®, 
Finlandia). Commercial Monoclonal antibodies (MAb) 
and alkaline phosphatase (AP)-conjugated MAbs 
to PMTV were purchased from Bioreba® (Reinach, 
Switzerland).
RT-PCR. RNA was purified from S. tuberosum roots 
using the RNeasy plant mini kit (Qiagen, California, 
USA). PMTV-CP was amplified using primers PMTV 
C819 (5’ CTA TGC ACC AGC CCA GCG TAA CC 3’) and 
H360 (5’ CAT GAA GGC TGC CGT GAG GAA GT 3’) 
(MacKenzie, 1996). RT-PCR was performed using a 
previously published protocol by Gil et al. (2011).
Bait plants. Nicotiana benthamiana and Solanum 
phureja plants were infected with Sss cystosori 
isolated from soil samples collected in the Colombian 
departments of Antioquia, Boyacá, Cundinamarca 
and Nariño. Cystosori were extracted from 1 kg of 
infected soil using 100 and 25 µm sieves according 
to the method reported by Jaramillo and Botero 
(2007). Bait plants were kept in a greenhouse at the 
Agrarian Station Paysandú located in the district of 
Santa Elena in the city of Medellín, Antioquia (2,550 
masl, average temperature of 14 °C and average 
annual precipitation of 2,000 mm).
Field test. Samples of Solanum tuberosum ssp. 
andigena cv Diacol Capiro and Puracé were collected 
in four fields in flowering stage at the municipality 
of La Unión (Antioquia). Three random root samples 
and two leaf specimens were collected at each potato 
field. The presence of PMTV was evaluated by ELISA 
as described above. PMTV(p) and Sss cystosori were 
used as positive controls. The presence of PMTV in 
cystosori was confirmed by RT-PCR. Results were 
cross-checked with a commercial DAS-ELISA PMTV 
detection kit from Bioreba® (ref 113075).
RESULTS AND DISCUSSION
The choice of peptide antigen was based on two 
criteria: solvent exposure and sequence variability. 
There are several algorithms available to predict the 
sequences of potential epitopes on proteins. The most 
frequently used are those that identify hydrophilic 
clusters with high probability of being located on the 
protein surface. In this case, the method developed 
by Hoop and Woods (1981) was used. This procedure 
assigns a hydrophilicity score to each amino acid and 
then locally averages these values along the peptide 
chain. The point of highest local average hydrophilicity 
is attributed to an antigenic determinant (Hoop and 
Woods, 1981). The use of this method on PMTV coat-
protein reveals a potential epitope at the N-terminus 
comprising residues 3-17, PMTV(p), with sequence 
NRGERRAAVENRYD (Figure 1). 
The location of this peptide at the N-terminus is 
convenient as this region varies significantly between 
members of the Virgaviridae family such as the 
genera Pomovirus, Furovirus, Hordeivirus, Pecluvirus, 
Tobamovirus and Tobamovirus. Regions of high 
variability can be useful in the detection of strains 
of the same virus while conserved epitopes could 
be used to differentiate more distantly related taxa 
(Andrade et al., 2012). Sequence variants found only 
in certain members of a protein family can ensure the 
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production of highly specific antibodies. A database 
search using Blastp and excluding PMTV sequences 
retrieves a putative transcriptional regulator of the 
GntR family from Streptomyces sp. (ZP_08451187) as 
the best hit with only 82% identity against an 11-residue 
segment of the PMTV peptide. This result suggests that 
this peptide is highly specific to the PMTV coat protein 
and will not cross-react with plant proteins. 
Figure 1. Sequence variability at the N-terminal region of the capsid protein in members of the Virgaviridae 
family. The hydrophilicity profile of the PMTV capsid and the peptide sequence of PMTV(p) are shown at the 
bottom.
Hydrophilicity plots should be used with care; 
however, when combined with structural models 
they can identify antigenic regions with more 
accuracy (Idrees and Ashfaq, 2013). Exposed 
sequences can be found by analyzing the surface 
properties of crystallographic or NMR structures of 
proteins and there is a higher probability that an 
antibody prepared against these sequences will 
work well in serological tests (Liang et al., 2009). 
Unfortunately, there are no 3D structures available 
for the coat protein of PMTV or any virus of the genus 
Pomovirus. However, a PSI-Blast search suggested 
that TMV, also a member of the Virgaviridae family, 
could be used as a template for building-up a model 
of the PMTV coat protein. Analysis of the antigenic 
regions in the resulting model, clearly suggests that 
this N-terminal segment is exposed to the solvent 
and protrudes to the exterior of the assembled virus 
(Figure 2). This result reinforced the idea that specific 
antibodies against PMTV could be produced using 
an N-terminal peptide mimic.
Approximately 27 mg of purified anti-PMTV(p) 
were obtained with a titer superior to 1:512,000 
using a starting dilution of 1:1000 (1 µg mL-1) (Table 
1). Antibodies sensitivity was tested by ELISA and 
dot blotting. The minimum peptide concentration 
detected by ELISA was of the order of 0.1 nM. 
Detection of the PMTV peptide was about 10000 
times less sensitive by dot-blot, which showed a 
detection limit of approximately 10 µM (Figure 3). 
PMTV(p) was not recognized using commercial 
monoclonal antibodies suggesting that this peptide 
represents a different epitope of the PMTV capsid.
A preliminary test of the anti-PMTV(p) antibodies was 
performed using N. benthamiana and S. phureja baits 
infected with Sss cystosori isolated from soils in the 
departments of Antioquia, Boyacá, Cundinamarca and 
Nariño (Figure 4). Purified cystosori and PMTV(p) were 
used as positive controls. In N. benthamiana baits, 
PMTV was detected in nine foliage samples out of 
fourteen and six root specimens out of fifteen. In the 
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Figure 2. Structural model of the PMTV capsid protein in the assembled virion (A) and as a single capsomer (B 
and C). The location of PMTV(p) is shown together with the predicted RNA binding site.
Table 1. Detection by ELISA of serial dilutions of the mimic peptide using the Anti-PMTV antibody.
Dilution Purified antibody (A450)
1:1000 2.545
1:2000 2.658
1:4000 2.534
1:8000 2.432
1:16000 2.340
1:32000 2.263
1:64000 2.211
1:128000 1.971
1:256000 1.428
1:512000 1.061
Blank 0.048
Blank 0.045
Titer >1:512000
Starting dilution: 1:1000 (Equivalent to 1 g mL-1)
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case of S. phureja, twenty-four foliage samples tested 
positive in contrast to only 9 positive root samples out 
of twenty-nine. Dependence of PMTV detection on 
the type tissue analyzed is not surprising as this virus 
is characterized by a sporadic and highly irregular 
distribution in infected plants (Wright et al., 2010).
Figure 3. Detection limits of PMTV(p) by ELISA and dot-blotting (insert) using anti-PMTV(p) antibodies.
Figure 4. ELISA detection of PMTV in Nicotiana benthamiana and Solanum tuberosum bait plants using anti-
PMTV(p) antibodies.
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A field test was carried out in potato fields from the 
municipality of La Unión, Antioquia; a region with one 
of the highest incidence of powdery scab disease 
in Colombia (Osorio et al., 2012). In contrast to bait 
plants, PMTV was most frequently found in potato 
roots instead of leaves. ELISA was positive in eight 
out of twelve root samples while only one leaf sample 
tested positive out of eight. Commercial monoclonal 
antibodies gave similar results, detecting PMTV in ten 
root samples and none of the leaf specimens (Table 
2). The higher proportion of positive samples in roots 
as compared to leaf samples can be explained by the 
role of CP-RT in virus transmission. CP-RT is expected 
to be more abundant in the basal portion of plants 
where the Sss vector is present in contrast to aerial 
plant parts where PMTV can be found in naked form 
together with movement proteins (Wright et al., 2010; 
Andrade et al., 2012).
Using the same plants tested by ELISA, the presence 
of PMTV was confirmed by RT-PCR in eleven samples. 
These results are in agreement with the high incidence 
levels of PMTV in the municipality of La Unión 
(Andrade et al., 2102; Osorio et al., 2012). Detection 
of PMTV shows slight discrepancies dependent on 
the method used. However, due to the non uniform 
distribution of PMTV, presence of the virus may not 
be detected unless multiple samples from the same 
plant are tested. Inconsistent ELISA and RT-PCR test 
results are common in PMTV detection and several 
cases have been reported in the literature (Sokmen et 
al., 1998; Santala et al., 2010). 
Table 2.  Detection of PMTV in potato field samples using ELISA and RT-PCR.
Anti-PMTV(p) Bioreba antibody RT-PCR
C- 0.130 0.128 n.a.
PMTV(p) 3.45 (+) 0.166 (-) n.a.
cytosori 0.70 (+) 0.509 (+)
L1R1 0.183 (-) 0.467 (+) (+)
L1R2 0.263 (+) 0.784 (+) (+)
L1R3 0.142 (-) 1.053 (+) (+)
L2R1 0.169 (-) 0.172 (-) (-)
L2R2 0.132 (-) 0.155 (-) (+)
L2R3 0.576 (+) 0.392 (+) (+)
L3R1 0.366 (+) 1.018 (+) (+)
L3R2 0.302 (+) 0.922 (+) (+)
L3R3 0.316 (+) 1.072 (+) (+)
L4R1 0.383 (+) 0.903 (+) (+)
L4R2 0.481 (+) 0.353 (+) (+)
l4R3 0.656 (+) 0.515 (+) (+)
1S4 0.284 (-) 0.137 (-) n.a.
1S9 0.386 (+) 0.138 (-) n.a.
2S3 0.264 (-) 0.132 (-) n.a.
2S7 0.234 (-) 0.132 (-) n.a.
3S4 0.253 (-) 0.128 (-) n.a.
3S5 0.307 (-) 0.135 (-) n.a.
4S3 0.233 (-) 0.121 (-) n.a.
4S5 0.227 (-) 0.125 (-) n.a.
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This study shows an alternative procedure for the 
production of PMTV specific antibodies useful in 
serological test such as ELISA, in contrast to standard 
methods requiring the isolation of viral particles or 
expression of recombinant capsid protein. Latvala-
Kilby et al. (2009) demonstrated that purified 6xHis-
tagged PMTV CP is not detected by DAS-ELISA. To 
make matters worse, wild-type PMTV CP could not 
be detected with the MAb in samples from PMTV-
infected potato tubers or from leaves of PMTV-
infected N. benthamiana plants using Western 
blotting (Latvala-Kilby et al., 2009). This indicates that 
probably conformational changes occur in the CP 
epitope during both the purification and SDS-PAGE 
affecting the epitope recognized by the Mab used. 
Some of these detection problems can be overcome 
with the use of peptides mimicking linear epitopes of 
the capsid protein used for the production of antibodies. 
This strategy requires knowledge of a small portion of 
the N-terminal amino acid sequence combined with 
structural information. The variability of these linear 
epitopes can also be used to design antigens aimed 
at the detection of virus variants detected by standard 
amplification and sequencing of nucleic acids. This 
represents a way to update detection antibodies in the 
diagnosis of novel variants, which would be difficult 
to achieve using standard protocols for antibody 
production based on intact virions or purified capsid 
proteins. 
The possibility of obtaining strain specific antibodies 
at low cost can greatly increase the sensitivity and 
use of serological tests in seed certification programs, 
plant breeding and quarantine regulations to avoid 
dissemination of injurious plant diseases within and 
outside the country. Otherwise, the use of symptomless, 
PMTV-infected seed tubers could possess a risk of 
contaminating new fields with the virus. Unfortunately, 
the erratic distribution of the virus still represents one 
of the biggest challenges in confirming and verifying 
the accuracy of the test results. It would be interesting 
to evaluate our antibodies in more detailed studies of 
PMTV incidence in the principal potato growing regions 
of Colombia and other Andean countries. Future work 
should also test the performance of anti-PMTV(p) 
antibodies in lateral flow immunoassays and determine 
their suitability for routine detection of PMTV on tubers.
CONCLUSIONS
Using PMTV-specific polyclonal antibodies raised 
against a synthetic peptide mimicking the N-terminal 
region of PMTV capsid-protein, allows the detection 
of the virus in both N. benthamiana and S. phureja 
bait plants that had been previously inoculated with 
Sss cytosori. In S. tuberosum plants obtained directly 
from the field, PMTV was detected more frequently 
in roots than in leaves. This result agrees with the 
sporadic and highly irregular distribution of PMTV in 
infected plants.
This study demonstrates the viability of using synthetic 
peptides for the production of antibodies specific to 
local variants of plant viruses. These antibodies can be 
employed in serological tests such as ELISA, dot-blot 
and lateral flow. Future work should address the effect 
of point mutations on both sensitivity and specificity 
of anti-PMTV antibodies.
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